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SECTION I 
1.0  INTRODUCTION AND SUMMARY 
Research into methods of predicting the vibration response of launch vehicle and 
payload structctres to rocket and flight noise has occupied government and industry 
since the inception of the space program. 
The diversity of the problem has necessitated usifig empirical methods derived from 
prior data from similar vehicles and i t  is a truism that vibration environments 
are only known with any surety after the program cears  completion. The methods 
devel~ped have made increasing use of statistical assessment of available data 
and this has been the basis of the method developed by Barrett,  Reference 1, and 
used in tho Saturn Program with reasonable success. The method is res&icted 
to similar structures and is not general enough for preliminary design application. 
Studies have been made by' Piersol, Reference 2 of flight data in order to select 
a basis for  correcting for  mass  variance of the structure. His work resulted in 
rather arbitrary mass parameters and wab confined to longitudinal vibrations. The ' 
lack of a parameter relating the acoustic input and the structural response and the 
existence of sufficient data on diverse structural elements and under several 
acoustic fields has prevented the development of any generalized method and indeed 
the study of the parameter effects. 
This study had as  its overall objective the feasibility of correlating a simple 
vibro-acoustic transfsr function a s  defined herein with various structural and 
acoustic parameters. The parameters that show some correlation could provide 
1-1 
1.0 (Continued) 
a basis for  development of a prediction method. The feasibility study was nmde 
possible because of the large amount of vibration and acoustic flight and test data 
generated durlng the Saturn II3 and Saturn V programs. Therse data were used 
to generate the vibro-acoustic transfer function3 furnished for analyses. The 
. * 
selection was made to provide a'broad cross section of the data and was not 
optimum for the feasibiliv analysis. The *election of initial para&eters mas 
made by referring to other similar work and suggestions of the COR. 
The report is separated into several sections. The first  task of this study was 
to  develop rational data selection criteria empirically designed to accommodate 
the available data that were in 'tho form of vibro-acoustic transfer functions. 
Section 2 is a brief descriptive assessment of the data selection criteria in terms 
of its implications and motivations. 
Section 3 summarizes the results of initial evaluatior~ and assessment of the 
available data. The primary purpose of this.section was to isolate and identify 
as many variables as  possible that could possibly affect physical variation in the 
data. The secondary purpose was to select and organize the data with preliminary 
statistical considerations for an optimum input to the parametric analysis phage 
of the study that is contained in Section 4 of t h i s  report. 
Section 4 is an evaluation of selected structural and acoustic parameters, Among 
the significant parameters isolated and identified exnpirically were transmission 
loss and an acoustic efficiency factor. There Are indications that with additional 
1.0 (Continued) 
preselected data other significant structural and acoustic parameters could be 
empirically defined. Section 6 diecueses the applicability of nondimensional 
parameteric forms. Section 6 outlines a.nd briefly  describer^ some of the major 
etat.istical mqdels that were used in the study. 
I h e  resulte af the limited study identified these parameters as  worth further 
detailed study. These a re  vehicle diameter, acoustic efficisr~cy and transmission 
loss. Tho density mass loading parameters and stiffness showed little correlation. 
The available data was not sufficiently con~istent o adequately define the effects 
due to mass clensity o r  local structural stiffness. It ia mcammended that additional 
data be identified and generated to provide large enough samples to more fully 
investigate the diameter and transmission loss pa.rameters. No special effort 
was made to normalize the resulting, presentation because of the need for additional 
statistical studies of the unshffted'data. 
DATA SELECTICN CRITERIA 
2.0 DATA DESCRIPTION 
. Reference 3 (Vol. 1) contained data from a ser ies  of reverberation chamber 
tests using a Saturn third stage (S-IVB) forward skirt ,  Instrument Unit (IU) 
and Spacecraft L u w r  Er9ursion Module Adapter (SLA). Vibro-acoustic transfer 
functions ,were generated from these data for various measurement mounting Loca- 
tions on the S-IVR forward skirt  and the IU structure in ihe reverberant acwstic  field. 
Reference 3 (Vol. 3, Parts  2 and 3) contained vibro-acoustic transfer functions 
computed by utilizing data obtained during the AS-501 ~ ; n d  AS-502 flights. 
The vibro-acoustib transfer function studied was defined as the ratio of vibratinn 
acceleration to acoustic pressure. The transfer function documented in 
Reference 3 is equal to the acceleration level minus the s o u ~ d  pressure level in 
docibels, in third octave frequency bands, u s i ~ g  as references 1.0 Grrns arid 
2.0  x 1 f 5  ~ / m ~ ,  In thL  report, all references made to the vibro-acoustic t r ~ ~ s -  . 
f e r  function will. be consistent t ~ f . t h  these definition6 and units unless otherwise 
spectFied. 
The two test conditions, leverberation chamber and flight, produced a major 
di  tiision it1 the behavior of the transfer functioos. Of course, divergence in the 
transfer furictions due to test conditions was eq. .cted and itnpacted the establish- # 
ment of the data selection criteria,  
2.1 DATA ANALYSIS AND Fir ALUATION METHODS 
2.1.1 General 
The motivation in the establishmsnt of t!e data eelection criteria was to provide 
optimized organization of selected data groups, statistically sized if possible, for 
treatment or  processing toward preselect& objectives. One of the major objec - 
ti ires of many engineer@ -hvestigations is to make predictions or  estimations, of 
various struc turd parameters. Usually, such predictions require that a functional 
relationship be found between two o r  more related variables. It is also desirable 
to know the strength of the relationship, that is, a mathematical function which 
will yield information about how the variables are interrelated and a technique is 
then derived to determine how pr.ecise1y the value of one variable can be predicted 
when the d u e s  of the associated varihles have been determined. Regression 
methods are those used to determine the "best1' functional relationship among the 
variables, while correlation methods are used to measure the degree to which the 
differ a t  variables are associated. The word best in the last sentence was  enclosed 
irr quotation marks because while it may be de~wable ,  a knowledge of the mathe- 
matical law expressing the causal relationship between the independent and dependent 
variables is not essential. A causal relatiomhip can usually be assumed on the basis 
of exprience. This information helps to identify tk.e specific variables which are 
important and those which may be neglected. Predictions based on regression methods 
become less restrictive as more physical informatior- becomes available about the 
problem. Practical difficulties lie in the recognition and utilization of all important 
independent variables. 
2.1.2 Statistical Coraiderations 
The principle of regr jssion analysis is one of the most widely used statistical tech- 
niques in estimatiy , predicting, o r  scaling structural parameters. Hegression 
and correlation anal!-ses ake included in a broad class of techniques sometimes 
reiferred to as statistical iqerence. Statistical inference is almost always'necessary 
in providing a satisfactory cn pirical solution for typical complex structural problems. 
The importance of atatistical methods can readily be realized whenever the end 
product or  utilization of 'mpirical results is in the development of op thum test 
specification and desQ n criteria for present or future aerospace vehicles. 
Therefore, the data ~ ~ l e c t i o n  criteria are complex tools of analyses used to formulate 
statistical sufficiat data groups, basic in the extent that the possibiliQr of statis- 
tically corjfodiag :iudarnental stochastic consistencies between mathematical and 
physical p a m e t e r  s under investigation is minimized and flexiable enough to allow 
reiteration of periient infohation & i t  becomes ivailable in later phases of the 
analyses. 
SECTION 1.11 
DATA .4SSESSMENT 
3.0 GENERAL 
The purpose of this section is to give the results and conclusions of the initial 
assessment of the transfer functions. The msk consisted d sccounting for as many 
variables as possible affecting the transfer function and processing the data into 
statistically sized groups and identifying stochastic trends among the parameters. 
Preliminary regression and correlation analyses indicate that a wide variety of 
variations in the transfer functions would have to be accounted for in sizing the 
basic data groups for detail analyses. 
The summary report of Reference 3 fulfilled many of the requirements for the 
initial data assessment for the flight data. Therefore, the discussion of the flight 
data in this sectioc will  be brief. 
3.1 REVERBERATION CHAMBER DATA 
3.1.1 Test Conditions 
The vibro-acoustic transfer functions were generated under a series of reverberation 
chamber test conditions. These test conditions are discussed each in turn in the 
following paragraphs. 
3.1.2 Static Loading 
Static test loads of 25,000, 75,000, and 150,000 were applied to the test specimen 
during the reverberation tests. The conclusion given in  Referenc'e 3 that there is 
3.1.2 (Continued) 
no significant difference i.1 the transfer function due to static loading was reaffirmed 
during this study. This was accomplished by comparing a large number of measure- 
ments in order of different' static loads and observiqg the resulting data scatter. 
The data scatter was small especially when the transfer functions were averaged. 
These results are given in Reference 3 and wil l  not be repeated here. 
3.1.3 Acous'tic Levels (Linearity) 
Three levels of broadband acoustic noise were used to excite the specimen (146, 
151.5, and I54 dB) during each static load condition. Measurements taken by each 
accelerometer were tabulated and averaged according to acoustic level and the resulting 
maans were compared. The data scatter was generally very small and a typical 
example is shown graphically by Figure 3 -1. 
3.1.4 Test Setups 
The reverberation tests were divided into .two series, the f r s t  series at 25,000 
and 75,000 pounds static loads and the series a t  75,000 and 150,000 pounds. The 
second i5,000 pouad test was included as a measure of the repeatability from the 
f irs t  to the second test. Significant o r  consistant variation in the transfer function 
due to test set  up was not detected. 
3.1.5 Transducer Spacing' 
The effects of the separation distances between the accelerometer and microphones 
in the reverberation chamber acoustic field were evaluated. The separation distances 
FREQUENCY IN HERTZ '(113 OCTAVE) 
FIGURE 3-1. COMPARISON OF MEAnT TRANSFER FUNCTION 
AT THE THREE ACOCi;'iqIC LEVELS IN REVERBERA- 
TION CHAMBER 
3.1.5 (Continued) 
between the accelerometers and microphones in the acouettc field did not significant1 y 
affect the evaluation of the reverberation chamber data. To illalstrate this point, 
measurements made with five accelerometers were eelected for analyeie. All five 
accelerometers are located on similar structure with three (039, 040 and 042) 
located in the first quadrant IU and two (044 and 046) fourth quadrant IU along with 
the external microphone. Regression equations were computed for each accelero- 
meter and are illustrated graphically in Flgure 3.2. It can he seen from Figure 
3.2 that variations from first to fourth quadrant are no greater than variations 
expected between accelerometers located in the same quadrant. Thie result was 
found to be typical for the reverberation chamber data. Therefore, it was 
concluded that the acoustic field within the chamber was highly diffused and that 
transducer spacing would not be a critical considerarion in the analysis of the data. 
3.1.6 Reverberation Chamber Data Summary 
1t was concluded that an average transfer f ilnc tion (TF.& could he computed for . 
each accelerometer due to the relative insignificant variations caused by the test 
conditions. The purpose was to include the maximum number of statistics (6 to 
12 measurements) for each of the 27 accelerations used during the chamber tests. ' 
The TFaV is considered more representative of a particular structural location and 
a necessary input for statistical analysis. These averaged transfer functions are 
8 
tabulated i n  Tables 3-1 and 3-11. 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
MOUNTED IN THE FIRST AND EOlJRTIi QUADRANTS 
TABLE 3-1.- TF, FOR MEASUREMENTS TAKEN ON 
INSTRUMENT UNIT IN REVERBERATION 
CHAMBER 
- 
ACCEL, 
03 9 
040 
042 
015 
017 
044 
045 
046 
048 
009 
G27 
03 1 
033 
NO* OF 
MEA- 
SURE- 
3IENTS 
12 
9 
12 
6 
6 
11 
12 
12 
9 
6 
6 
6 
6 
036 1 6 
1 
t 
I 
FREQUENCY 
80 
-128.10 
-128.89 
-129.06 
-133.84 
-136.36 
-130.88 
-133.07 
-131.82 
-138.86 
-137.01 
-139.94 
-136.02 
-14,i. 71 
-142.96 
800 
-126.32 
-121.90 
-124.46 
-127.69 
-126.15 
-124.15 
-121.19 
-124.13 
-120.68 
-138.51 
-137.08 
-128.01 
-126.73 
-136.53 
100 
-130.08 
-128.33 
-130.16 
-131.98 
-135.23 
-130.94 
-131.71 
-132.45 
-131.91 
-136.19 
-138.34 
-132.42 
-143.99 
-143.57 
- 
125 
-126.42 
-124.87 
-127.88 
-130.33 
-135.78 
-127.10 
-124.21 
-125.09 
-127.11 
-134.53 
-134.04 
-129.86 
-137.30 
-133.64 
630 
-126.57 
-124.08 
-126.33 
-128.08 
:125.93 
-122.00 
-122.07 
-123.07 
-122.40 
-139.66 
-140.06 
-127.63 
-127.92 
-139.17 
160 
-128.13 
-125.63 
-128.35 
-132.60 
-132.30 
-125.52 
-122.70 
-125.55 
-122.25 
-134.96 
-136.78 
-135.65 
-139.42 
-135.89 
200 
-130.18 
-126.15 
-128.27 
-126.93 
-128.54 
-125.28' 
-120.31 
-123.77 
-118.83 
-135.73 
-133.74 
-131.04 
-134.75 
-136.78 
2 50 
-126.90 
-123.31 
-127.85 
-124.00 
-127.14 
-125.61 
-119.67 
-124.34 
-117.84 
-132.83 
-139.36 
-128.18 
-129.62 
-139.77 
500 
-127.57 
-124.90 
-125.85 
-127.91 
-128.82 
-123.44 
-125.05 
-125.09 
-123.30 
-142.98 
-144.35 
-128.24 
-131.45 
-142.54 
315 I 400 
-142.38 
-123.30 
-121.07 
-123.50 
-126.77 
-128.15 
-123.23 
-120.96 
-123.50 
-120.47 
-143.24 
-141.17 
-130.80 
-130.10 
-145.19 
-125.74 
-123.77 
-123.43 
-127.74 
-130.77 
-123.35 
-124 94 
-12:. 09 
-122.05 
-145.51 
-144.69 
-130.61 
-132.81 
TABLE 3-11. TFav FOR MEASUREMENTS TAKEN ON 
S-IVB CORWARD SKIRT IN REVERBERATION 
CHAMBER 
r 
- A  
NO. OF 
I1IEA- 
SURE- 
BIENTS 
6 
6 
2 
i2 
5 
6 
10 
11 
6 
6 
6 
6 
6 
ACCEL. 
060 . 
018 
02 6 
058 
0 70 
002 
041 
014. 
005 
073 
004 
006 
0 74 
I 
I 
... -- - 
FREQUENCY 
400 - 
-140.41 
-130.90 
-125.89 
-130.69 
-121.45 
-135.90 
-127.91 
-112.99 
-125.92 
-130.53 
-128.15 
-137.97 
-121.44 
315 
-137.46 
-133.83 
-127.98 
-136.84 
-138.22 
-136.46 
-129.26 
-119.18 
-125.20 
-132.69 
-131.83 
-141.43 
-124.20 
2 50 
-135.41 
-133.79 
-122.96 
-138.21 
-138.35 
-138.41 
-130.32 
-122.47 
-123.69 
-132.60 
-132.10 
-141.23 
-131: 07 
160 
-131.99 
-137.14 
-122.20 
-138.87 
-141.47 
-135.10 
-129.38 
-127.47 
-128.33 
-131.55 
-139.25 
-140.06 
-136.32 
125 
-132.05 
-139. I. 5 
-121.60 
-139.47 
-142.76 
-136.12 
-128.05 
-129.04 
-128.66 
-131.62 
-139.25 
-141.25 
-138.96 
, 
80 
-140.99 
-137. .56 
-131.48 
-139.80 
-146.84 
-136.89 
-135.31 
-135.66 
-138.48 
-138.75 
-143.98 
-135.56 
-142.28 
200 
-132.25 
-133.93 
-117.68 
-129.10 
-14i1.41 
-135.79 
-130.84 
-122.50 
-125.56 
-131.58 
-135.70 
-141.15 
-134.15 
100 
-139.04 
-139.64 
-128.99 
-140.54 
-146.61 
-136.07 
-130.66 
-131.45 
-133.96 
-136.76 
-144.13 
-142.30 
1141.25 
9.1 .6  (Cont t nued) 
F o r  the purposes of f u t h e r  data assessment and aomputation of basis statistics, 
it was assumed that the TFav could be described by a linear regression equation , 
of the form. 
TFav = a + b Frequency 
where a and b are We least-square estimates of .the regression coefficient with TFcV 
the response variable and frequency the independent variable. Regression and 
correlation statistics are listed in  Tables 3-III 'and 3-IV. 
The regression equations were used to make basic comparisons between the 
measurement mountings locations. The data scatter is reduced significantly when 
the transfer functions are compared and restricted to similar structural locations. 
These observations are illustrated graphically in 'figures 3.3 and 3.4. In general, 
as can be seen from the tabulated correlation coefficients, a small but significant 
linear correlation exists between the transfer function and frequency. This is one 
justification for  using frequency as an independent variable in  the initial data 
3 .2  FLIGHT DATA SUMMARY 
A review of the flight data confirmed that the transfer functions were dependent on 
launch conditions. The launch conditions are liftoff, transonic flight, and maxirntln~ 
dynamic pressure flight. In general, the transfer functions mied widely between 
each of the launch conditions and each represents a launch domain in sizing the data 
TABLE 3-111: BASIC STATISTICS FOR MEASUREMENT MOUEtTING LOACTIGNS 
ON THE I. U. IN REVERBERATION CHAMBER 
ACCELEOMETER 
03 9 
040 
042 
015 
317 
044 
045 
04 6, 
048 
009 
02 7 
03 1 
033 
i 036 
CORRELATION 
COEFFICIENT 
(DIMENSIONLESS) 
M .  40 
+O. 64 
M.69 
- +0. 47 
+O. 77 
+0. 72 
+0. 45 
+O. 56 
+0. 47 
-0.48 
W.31 
+0. 70 
+O. 81 
+0. 03 
LINEAR REGRESSION 
EQUATION FOR TF, 
RADIAL 
TF = -128.28 + 0.003 Freq. 
TF = -126.93 + 0.007 Freq. 
TF = -128.98 + 0.007 Freq. 
TF = -130.57 + 0.005 Freq. 
TF = -134.60 + 0.013 Freq. 
TF = -128.54 + 0.009 Freg. 
TF = -126.20 + 0.008 Freq. 
TF = -130.11 + 0.01 Freq. 
TF = -127.04 + 0.01 Freq. 
TF = -135.57 + 0.008 Freq. 
TF = -137.42 - 0.005 Freq. 
TF = -133.60 + 0.009 Freq. 
TF = -146.67 + 0.022 Freq. 
TF = -140.02 + 0.000 Freq. 
TEST O F  CORRELATION 
COEFFICIENT FOR 
SIGNIFICANT DIFFERENCE 
FROM ZERO AT 5% 
LEVEL OF SIGNIFICANCE 
Rejec t  
Accept 
Accept ' 
Rejec t  
Accept 
Accept 
Re jec t  
Accept 
Rejec t  
Rejec t  
Re jec t  
Accept 
Accept 
Re jec t  
LINEAR REGRESSION 
EQUATION F3R TI?, 
(RADIAL) * 
CORRELATION 
COEFFICIENT 
(DIMENSIONLESS) 
TEST OF CORRELATION 
COEFFICIENT FOR 
SIGNIFICANT DIFFERENCE 
FROM ZERO AT 5% 
LEVEL OF SIGNIFICANCE 
TF = -136.46 + 0.000 Freq. 
T F  = -138.78 + 0.015 Freq. 
TF = -135.52 + 0.003 Freq. 
T F  = -140.08 + 0 .009  Freq.  
TF = -144.18 + 0.017 Freq. 
TF = -137.80 + 0.008 Freq. 
T F  = -132.69 + 0.012 Freq. 
TF = -136.09 + 0 .020  Freq. 
T F  = -132.25 + 0.016 Freq. 
TF = -136.06 + 0.014 Freq. 
*Vertical 
Tang. 
Vertical 
Reject 
Accept 
Reject 
Accept 
Accept 
Accept 
Accept 
Accept 
Accept 
Accept 
Accept 
Accept 
Accept 
TABLE 3-IV: BASIC: STATISTICS FOR MEASUREMENT MOUNTlNG LOCATIONS 
ON THE S-IVB FORWARD SKIRT IN REVERBERATION CHAMBER 
FREQUENCY IN HERTZ (113 OCTAVE) 
FIGURE 3-3. COMPARISON OF REGRESSION FOR ACCELEROMETERS 
MOUNTED AT CORNW OF COLD PLATES (IU) 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
F 
FIGURE 3-4. COMPARISON OF REGRESSION FOR ACCELOhlETERS 
hfOUNTEI) AT CENTER OF CO?.l'i PLATES (IU) 
/ 
- -- 
- 
- 
ACZEL, 
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3.2 (Continued) 
groups for th'e parametric analyses phase of thi.8 study. The transonic flight data- 
showed a high sensitivity to frequency and small changes in mach num'oers. 
Apparent accelerometer-microphone pairing was noted in the data taken on the 
S-II aft, skirt and interstage. After a preliminary assessment, it was decided to 
exlclude the data taken on this vehicle component, as wel l  as, the data taken on S-IC 
boat -tail from further study. 
The effects of transducer spacing on the flight data were evaluated with the same 
methods used for the reverberation chamber data. Transfer fum tions from each 
of the laumh domains were studied and no functional relationship between the data 
and transducer spacing could be found. It was copcluded that t ransduce~ spacing 
would not be a critical consideration in the analysis of tbe flight data. This result 
w a s  unexpected for the flight data and wil l  be discussed in greater detail in the 
following see tion, 
SECTION IV 
STRUCTURAL AND ACOUSTIC PARAMETERS 
4.0 STRUCTURAL AND ACOUSTIC PARAMETERS 
It became obvious in the preanalysis of the flight data that basic statistics would 
be dominated by the launch domains. Therefore, the first task of this section was 
to collate the flight data with the reverberation chamber data. This w a s  accom- 
plished in part by selecting flight data taken only cn the S-11 forward skirt, the S-IVB 
forward skirt, and the instrument cnit. At this point, basic statistical parameters 
had to be assigned to a particular launch domain rather than to a particular structural 
location as had been done with the reverberation chamber data. Secondly, i t  w a s  
necessary to establish a criterion for acoustic noise efficiency. These tasks were 
completed with a reasonable degree of success. .Nevertheless, these limitations 
made it  extremely difficult to efficiently utilize both bodies of data in the analysis 
of single structural parameters such as local stifihess, surface weight density, and ' 
hardware diameter. 
A high degree of linearity and correlation was found to exist in the data after the 
transmission losses were computed-for the S-IVB forward skirt within the liftoff 
condition. 
4.1 ACOIJSTIC EFFICIENCY FACTOR 
A comparison of transfer functions measurea at six different structural locations 
on the IU and S-IVB forward skirt ir, the reverberatican chamber was made with 
transfer fi~nctions measured at the safie structural location during the AS-501 
4.1 (Continued) 
and AS-502 flights. The comparison revealed that the transfer functions computed 
from the reverberation chamber data were consistently higher in magnitude than 
those computed from the flight data generated during the liftoff condition. The differences 
in magnitude were obtained by normalization of the liftoff data to the reverkeration 
chamhar data and are shown tabulated in Table 4-1. 
Statistical criteria for the sous t i c  efficiegcy factor (AEF) wcre established. An 
averaging process was employed for each measurement number in order to include 
additional data points. A linear regression equation using the mean values 
(Table 4-1) with frequency as tha independent variable was computed and is given 
below : 
. d  T, I?. = 7.29 - 0.0005 Hertz (4-1) 
where 8 T . F . is the awrage change in magnitude for the transfer function between 
the two test conditions over the frequency range 8'0 to 800 hertz, Correlation 
analysis was performed and it was found that d T. F. was  not linearly dependent 
onfrequency. This information'allowed all data points (66) to be confined to a single 
statistical sample and allowed a single parameter to be computed for the AEF over 
the above frequency range with little o r  no loss in accuracy. To further simplify 
a definition for the AEF, a chi-square i;sst for normality was flrformed on the 66 
data points. The chi-square test justified the assumptions necessary for defining 
# 
the AEF as the mean of a normal distriblition. The AEF is given below: 
AEF = 7.12 dB ( R e  1.0 Grms) 
TABLE 4-1. ABSOLUTE DIFFERENCE (Re 1 .0  dB) OF RADIALLY MEASURED 
TRANSFER FUNCTIONS GENERATED IN REVERBERATION CHAMBER 
AND FLIGHT (LIFTOFF) AT SAME MOUNTING .LOCATIONS . 
4.1 (Continued) 
where the standard deviation ( 01 i s  1.95 dB, 
A general interpretation of the AEF will be given in terms of its restrictions. 
Some of the more important restrictions are listed below: 
a. The AEF is an empirical constant computed and represents only two 
Saturn V vehicle components: the IU and S-IVB forward skirt. 
b. Na linear'functional relationship could be established between the AEF and 
an independent variable . 
c. The AEF was compdted for  third octave band frequencies within the range 
already stated. Its interpolation or  extrapolation to other frequencies 
must be made with engineering judgement. 
d. Liftoff was the only launch domain considered. 
Perhaps the most significant restriction that should be placed on the AE F is that 
no functional relationship was found with frequency, Physical applications of the 
AEF are issultrated in Figures 4- 1 through 4-6. The AEF was applied to the 
reverberation chamber and AS-501 (Liftoff) data comparisons documented in 
~ e f e r e n c e  3. Confidence limits of 2 4  and 3 0  were used, where 2 4  and 3 0  
are associated with probabilities of 95.5 and 99.7 percent respectively. 
4.2 WEIGHT DENSITIES 
4.2.1 General 
A review of structural locations at which the vibro-acoustic transfer functions were 
measured resulted in the classification of two @nerd conditions from which surface 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-1. COMPARISON OF ACCELEROMETER 002 WEIGHTED BY 
THE A E F  AND ACCELEROMETER 01799 (LJFTOFF CONDITION) 
DECIB 
FIGURE 4-2. COMP.4RISON OF ACCELEROMETER 015 WEIGIiTED BY 
THE AEF AND ACCELEROM~TER 01599 (LIFTOFF CONDITION) 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-3. COMPARISON OF ACCELEROMETER 017 WEIGHTED BY 
THE AEF AND ACCELEROMETER 01799 (L1f;TOFF CONDITIOA? 
DECIBE 
FREQUENCY IN HER'I'Z (1/3 OCTAVE) 
FIGURE 4-4. COMPARISON OF ACCELEROMETER 027 VIEIGIITED BY 
TliE AEF AND ACCELEHOMETFR 02799 (LIFTOFF CONDITION) 
DECI 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FXGURE 4-5. COMPARISON OF ACCELEROMGTER 031 WElGYTCD BY 
THE AEF AND ACCELEROMETER 031.99 (LIFTOFF CONDI'fION) 
DECIB 
FICiURE 4-6. COMPARISON OF ACCELEROMETEE 033 Ix?EIGHTED EY 
THE AEF AND ACCELEROME? ":i< 03399 (LIFTOFF COIVDITIOX) 
4.2.1 (Continued) 
weight density could be studied. The f i s t  condition confined measurement mounting 
to ring frames and stringers as a group. The second condition, grouped measurement 
Locations to equipment loaded panels. 
The criterion used by A. G. Piersol and W. F. Van Der Laan in their study 
(Reference 2 ) for  measurements mounted on either a ring frame or stringer was 
to select an arbitrary but representative section of structure surrounding a particular 
acceleorneter. Typically, this structural section would include rneasuremellts 
mounted on ring frames, stringers, and stitfner s between ring frames. 
According to Piersol and Van Der Laan, the surface weight density is given by 
where 
W, = weight of all structure in the representative section in lbs 
2 A, = surface area of the structural ~ e c  tion in f t  ; . 
Piersol and Van Der Laan in their study assumed that equipment, in general, loads 
the structure to which it is mounted and, hence, increases the effective weight 
density of the structure. Their criterion required that the accelerometer to be 
mounted next to one of several (n) attachment points of an equipment package, 
where the weight density is assumed to be 
W = W , + -  - (W2) 
n 
4.2.1 (Continued) 
where 
W = weight density of structure in lbs/ft2 
8 
We = weight of equipment with n attachment points in lbs. 
The number of attachment points (n) perhaps should be weighted by the degree of 
compactness of the equipment package. Piers01 and Vail Der Laan admitted the 
weakness of this criterion and it is easy to see that considerable engineering 
judgement must L3 employed to make it  useful.' For these reasons, a decision w a s  
made to seek an empirical justification for a weight density model designed to be 
used in applications of the vibroacoustic transfer function. 
4.2.2 Surface Weight Density 
Transfer functions generated radially on ring f r a k e s  and stringers of the S-I1 
forward s k n t  during the AS-501 launch a t  liftoff were selected to initiate the 
study of siurface weight density. There were no transfer functicins available for the 
S-11 forward skirt  from the AS-502 launch'. Liftoff data were arbitrary selected to 
represent one of the three available launch domains defined earlier in this report. 
There is characteristically wide variation in the transfer functions from one launch 
domain ic;l t Z i ~  other. 
Although the data sample showed little o r  no linear correlation with frequency, 
nevertheless, linear regression equations were used in efforts to detect the existence ' 
of any consistence stochastic tendency. Moreover, the regression epiations provided 
4.2.2 (Continued) 
an excellent tool for estimating the transfer function sensitivity to variations in 
structural mounting detail8 such as ring frames, stringers, transducer spacing, 
and vehicle quadrant.   he conclusion drawn wae that little o r  no consistent variati - 
in the transfer functions couM be detected in a comparison between the m6unting 
details mentioned above, a t  least, insofar as overall magnitude was concerned. 
There are two approaches considered here for estimating the effects of surface we:-. 
deui ty .  Qne approach is to calculate surface weight density at each acceleromete: 
location according to the equation (4-2) and plot the corresponding transfer 
function at each one-third octave center band frequency. This process would contir-1 
until enough data are accumulated at  each frequency point to constitute sufficient 
statistics to perform regression and correlation analysis. The practical difficullie>- 
in this approach are the tremendous- amount of time and effort that would be involve:. 
The other approach is more general and is much easier to apjly. The surface wei;: 
density would be estimated by averaging the transfer functions and computing the 
weight of the entire vehicle component (say, the.S-I1 forward skirt) including: all 
attached components, and dividing by the total surface area. The practical 
dilsadvantage to this approach is that only gross tendicies in the transfer functions 
at a particu.lar structural location could be identified with the knowledge of the 
surface weight density. 
4.2.2 (Continued) 
The average surface weight densities were calculated for the S-11 forward skirt, 
the S-IVB forward skirt, and the instrument units using weight data given in 
References 4 and 5. The average surface weight density was calculated bjr dividing 
the component total weight into its total surface area, see Table 4 4  below. 
TABLE 4-11. AVERAGE SURFACE WEIGHT DENSITIES 
VEHICLE 
COMPONENT 
8-11 Fwd. SWrt 
S-IVB Fwd. Skirt 
Instrriment Unit 
The next task was to compute an average transfer function for each component. 
The conclusions 01 Section 3 indicated that all the stringers and ring frames measure- 
WEIGHT (LB)/SURFACE AREA ( F T ~ )  
ments taken during liftoff could be averaged and still be representative of all o r  any 
portion of S-I1 forward skirt  skin. Unfortunately this could not be done for S-IVB 
AS -501 F LIGHT 
5.56 lb/ft? 
5.56 lb/ft2 
22.83 lb/f t2 
forward skirt or the instrument unit during either of the flights due to insufficient 
data. The S-I1 aft  skirt and interstage was not considered as a candidate vehicle 
AS-502 FLIGHT 
5.37 lb/ft2 
6.09 lb/f? 
2 23.33 lb/ft 
component for the study of surface densities because of the apparent anomalies in 
the data taken on these components. Transfer function6 generated from skin 
measurements made in.the reverberation chamber on the instrument unit and S-IVB 
forward s k i r t ,  a c ~ e l e r o m e t s ~ s  017 and 041 respectively , were used to compl.te 
average transfer function. There were six (6) measurements taken by accelero- 
* 
I 
4.2.2 (Continued) 
meter 017 and 10 by accelerometer 041. It was assumed that these accelerometers 
would be representative of general skin environmental conditions for these compo- 
nents. 
Various comparisons were made using both the TF, and regression equations 
computed for the TFaV. These comparisons will  be discussed and presented 
graphically each in turn. 
Figure 4-7 2ompareb Che ==an for all radial measurements on the instrument unit 
against all radial measurements on the S-IVB forward skirt in the reverberation 
chamber. This figure is included for general iriormation only. Figures 4-8 and 4-9compare 
the TFav for accelerometers 017 and 041 (the regression equations a re  given in 
Section 3). The usefulness of these compariscns is questionable since accelero- 
meter 017 ia located at an interface and probably reflect8 greater structural damping. 
Figure 4-loshows a comparison of all three selected stage components and yields no use- 
f ul  informatioh. 
4.2.3 Equipment Loaded Structure 
The instrument  nit, in the reverberation chamber tests, was selected as the com- 
ponent for the study of equipment loaded structure. Sufficient statistics for each 
accelerometer mounted on the instrument unit during the chamber tests were 
established in Section 3. The weights of ihe equipment mounted on the instrument ubit 
panols were estimated by detail weight statements from AS-501 flight documentation. 
There were six panels of the instrument unit at whick i~casurements were taken. 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-7. COMPARISON OF MEANS FOR ALL RADIAL 
MEASUREMENTS TAKEN ON IU AND S-IVH 
FOIIWARD SKIRT 
- - - 
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FIGURE 4-8 TFav FOR ACCELEROMETERS 017 AND 041 
4-17 
50 63 80 100 125 168 ,200 250 315 400 500 630 800 1000 # 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-9 TF,, REGRESSION FOR ACCET,EROI\IETEIjS 017 AND 041 
FREQUENCY IN HERTZ (1/3 OCTAVE). 
FIGURE 4-10.. TF,, REGRESSION FOR S-I1 FORWARD 
SKIRT AND ACCELEROMETERS 017 
AND 041 
I .  
4.2.3 (continued) 
The panel numbers, the total equipment weights, and accelerometers are 
listed in Table 4-III. 
. 
TABLE 4-10. PANEL, EQUIPMENT WEIGHT, AND ACCELEROMETER 
PANEL 
NUMBER 
1 
2 
4 
5 
18 
21 
Figure 4-11 shows the comparison for mean values for accelerometers mounted on 
Panels 1 and 2. There is a variation over the frequency rarge 160 to 315 hertz. 
TOTAL EQUIPMENT 
WEIGHT IN LBS. 
53.2 
64.1 
396.7 
209.6 
83.5 
118.0 
However, the variation is considered due to structural damping because accelero- 
meters 044 and 046 are located near the instrument unit interface. Figure 4-12 
4 
ACCELEROMETER NUMBER 
AND PANEL LOCATIONS 
048 
044, 045, 046 
042 
039, 040 
015 
009, 027, 031, 033, 036 1 
showsth TF,, for accelerometers 015 and 017 and Figure4-13 gives their regres- 
sion comparison. Figure 4- 14 shows the TFaV for accelerometers. 042 , 044, and 046. 
Accelerometers 044 and 046 are located on Panele 2 where the equipment weight a 
is 64.1 pounds. Accelerometer 042 is located similarlj 011  el 4 wbere the 
equipment weight is 396.7 pounds. One can observe a varyirg data scatter at the 
FREQUENCY IN HERTZ (1/3 nT"?'AvE) 
FIGURE 4-11. TFav FOR ACCELEi4OMETERS 04.1.. 045, 046, 
AND 048 
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FREQUENCY 1": HERTZ (1/3 OCTAVE) 
rIGURE 4-12 0 -  TFav FOR ACCELOMETER 015 AND 017 
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FREQUENCY IN HERTZ (:/3 OCTAVE) 
FIGURE 4-13 TFav REGRESSION E'OS ACC ELFOR hIETERS 
015 AND 617 
50 63 80 100 125 160 200 250 315 400 500 630 800 1000 
FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-14. TF,, FOR ACCELEHOMETERS 042, 044. 
AND 04E 
4.2.3 (Continued) 
third octave frequencies. Rqress ion lines are compared in Figure 4-15 to 
note any variation in overall magnitude that could possibly be attributed to the 
difference in panel equipment weight loads. The TFa, fo-2 accelerometers 
Located on Panels 4 and 5 are shown in Figure 4-16. 
'Ilre conclusion is that there is a definite correlation between accelerometers 
mounted at similar structural locations regardless of the equipment weight. For 
example, there is relative good correlation between accelerometers located at 
the corner of tho panels o r  between accelerometers located at the center of the 
panels. As  can be seen these trends are not sensitive to variations in panel 
weight Loads nor are there any trends in the data that can be attributed to 
variations in the TF, overd l  magnitude due to panel weight loads. 
4.3 STRUCTURAL STIFFNESS 
The importance of structural stiffness as a significant parameter could not be 
assessed within the quality of data available. The spread in data between the S-IVB 
and S-I1 forward skirts of the flight data did not warrant calculating local stiffness 
on a detail basis for  each acceierometer. An average stiffness was derived from 
the mblished AS-504 structural capability data, Reference 6. A stiffness 
ratio of 5 to 1 for  the S-II forward skirt  and S-IVB forward skirt respectively 
was c3t reflected in the transfer function data for these two structuralregions. A 
larger sample of data wil l  have to be included to determine the correlation of 
this structural parameter with the .transfer function. 
-  - - - - - -- 
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FREQUENCY IN HERTZ (1/3 OCTAVE) 
FIGURE 4-15. TFav REGRESSION FOR ACC ELOMETERS 
042. 044, AND 04r, 
FREQUENCY IN H E R T Z  (1/3 OCTAVE) 
FIGURE 4-16. TFav FOH ACCELEROMETERS 039, 040, AND 042 
4.4 HARDWARE DIAMETER 
As with the study of surface weight density, the S-I1 forward skirt, the S-IVB 
forward skirt, and the instrument unit were selected for examining hardware dia- 
meter. Unfortunately, on19 two different values for hardware diameter were 
ava.ilable. The diameter of the S-I1 forward skirt is 396 inches and the diameter 
of the S-IVB forward okirt and instrument unit is' 260 inches. 
war, anticipated that with a lcnowledge of the surface weight density, local stillness 
(EI), and the acoustic efficiency factor, f i rm definitive statements could be made 
concerning the effect of variable hardware diameter on the transfer function. Of 
course, the most critical lack of information was that only two diametric 
values were available when a minimum of three values is necessary for any 
empirical definiticn of a trend. 
Skin measurements made in the reverberation chamber on the irtstrument unit 
and S-IVR forward skirt, accelerometers 017 and 041, respectively, were used to 
conlpv-te regression equations for each accelerometer. There were 6 measure- 
ments taken with accelerometer 017 and 10 taken with accelerometer 041. Since, 
for the reverberation chamber data, little or  no significant effect on T Fav was 
noted d i e  to transducer bpacing, it was a~qurned that the two regression equations 
would be repnsentative of any point on t5e skin. 
4.4 (Continued) 
Measurements made on the S-11 forward skirt  (liftoff) condition were averaged for 
stringers and ring frames to  obtain TFav from which a regression equation was 
computed. The justifications for  assuming that this regression equation would be 
representative of any point on the component skin has been stated earlier in this 
report  . 
The acoustic efficiency factor was used, as defined in Paragraph 4.1,  to estimate 
flight (liftoff condition) for  the instrument unit and S-IVB forward skirt. There 
were not enough flight data available for  these components to be useful in the diameter 
comparison with the S-I1 forward skirt. Scrfac?e density and structural stiffness 
were weighted according to the conclusions drawn concerning variables 
described elsewhere in this report. 
Subject to the conditions described above, a comparison of diameters were made 
and is illustrated graphically in Figure 4-12 and 4-13. Note the significant differences 
in overall magnitude which may, in part,  be attributed to variable diameter. 
This completes the parametric study of diameter a s  f a r  as possible within the 
present study. Tnere is an indication of diameter effect but the effect can not 13s 
adequately defined empirically from data using only two different diameters. 
4.5 T R  ANSIVIISSION LOSS (TL) 
Examination of the data for  the S-IVB forward skirt for  both the AS-501 and AS-502 
flights revealed a certain cons i s t e~cy  in the differem:! between the external and 
50 63 80 100 125 160 200 250 315 400 SO0 630 800 1000 
FREQUENCY IN H E R T Z  (1/3 OCTAVE) 
FIGURE 4-17. 'COMPARISON OF DIAM1:TERS WITH 017 
AND 041 UhX"IGF1TEI) BY THE AEF 
50 63 88 100 125 160 200 250 315 400 500 630 800 1000 
FREQUENCY IN HEETZ (1/3 OCTAVE) 
FIGURE 4-18 4 COMPARISON OF DIAMETERS \trITH 017 
AND 041 WEIGHTE'D B Y  THE AEF 
4.5 (Continued) 
internal transfer functions for a given accelerometer. This difference corresponds 
to a measure of the acoustic transmission loas of the structure. This is shown 
in the following paragraph. 
4.5,1 Relation Between Transfer Functions and Acoustic Transmission Loss 
Let TF1 be the transfer function for  an  accelerometer using the external micro- 
phone and TF2 be the transfer function for  the same accelerometer using 'the internal 
microphone. 'Le t  the time slices for averaging be approximately the same for the 
internal and external acoustic measurements. 
and 
then 
p2 
= A (log P2 - log PI) = A log - 
p1 
where A = constant, a = acceleration and PI and P2 = external and internal 
sound pressures. 
4.5.2 Correlation of T. L. with T. F. 
A comparison of transmission loss with the corresponding external trrr .ler 
function8 a r e  shown in Figure 4-14. The data shown in this figure cc.t-pares the 
transmission loss  as calculated from three pairs of transfer functions for  liftoff 
during the AS-501 flight with their cor.~*esponding external transfer functions. 
This figure includes one each of radial, tangential and longitudinal accelerations. 
The coincidence of the transmission loss data over most of the frequency range is 
to be expected if the sound pressure average is performed on the same time slice 
of data because only one external and one internal microphons location are invol-red. 
The interesting point is *thsrt there is in general an inverse correlation between 
the TL and TF over the frequency range for  the liftoff condition. I his is in 
general supported by the physics of the a ttuatlon i . 0. If the tr a1 sfer function 
is generally high, the structure is radiating more sound into the i ;  : x i o r  and the 
difference between exterior and interior sound preesure r2e re+! jd to a low constant 
level. The flight data a t  the max. q flight time is not as eonsia. .. -it and needs more study 
4.5.3 Theoretical considerations 
Transmission loss is conceptually defined as the log of a p, * r ratio of the acoustic 
energy transmitted from a srrrface to that incident on the sur fme or  
c~ TL = -10 log where 
I/3 OCTAVE CENTER FREQUENCY 
.COMPARISON OF TRAXSMISSION LOSS AND TRAEJSFER FUNCTION AT A STRINGER 
IN S-IVB FORWARD SKIRT AS 501, LIFTOFF 
4.5.3 (Continued) 
pT d pI are transmitted and incident sound pressures. Theoretically thc magni- 
tude of the power ratio is a nonlinear function of the incident pressure field, 
the elastic, inertial a& loss properties of the structure and the impedance of 
tbe medium into which the structure is radiating. When the receiving space' is 
closed and contains little o r  no absprption then the impedance of the cavity includes 
elastic and in5rtial terms and the measured power ratio is much greater than the 
would be the case if the structural attenuation was the only factor. This latter 
case is termed noise reduction and is the data shown in thc Tables 4-IV, 
CV, and 4-VI . This parameter can be corrected for cavity impedance and the 
transmission l&s determined. The data that w a s  available for analysis w a s  of 
'insufficient qu-ntity '.I, fully investigate this correlation on a frequency basis, but it 
suggests that a potential method of predicting structural vibration from struc t u r d  
transmission loss may be feasible. . 
TABLE 4-IV. TRANSMISSION LOSS LIFTOFF CONDITION RADIAL MEASUREMENTS 
AS-501 FLIGHT - S-IVB FWD. SKIRT 
FREQ. 
. 02399 00399 
TABLE 4-V. ' TRANSMISSION LOSS LL I. ";-"F CONDITION 
LONG. MEASUREMENTS AS-501 FLIGHT 
FRW. 
50 
63 
80 
100 
12 5 
160 
200 
2 50 
315 
400 
500 
630 
800 
1000 
12 50 
1600 
(NOTE: 01699 CORRELATES WiTH 01799 
(TANG* ) 
02299 
13.4'9 
12.13 
i0.44 
9.51 
6.47 
7.43 
8.19 
5.64 - 
4.86 
7.26 
5.78 
5.94 
5.25 
5.19 
7.55 
5.91 
ACC ELEOMETER 
01999 
13.49 
12.15 
10.44 
8.52 
6.45 
7.43 
7.19 
5.64 
4.89 
7.33 . 
5.75 
5.95 . 
5.23 
5.26 
7.61 
5.91 
00199 
13.49 
12.14 
' 10.44 
8.53 
6.44 
7.44 
7.17 
5.60 
.4.89 ' 
7.31 
5.79 
5.97 
. 5.32 
5.23 
7.60 
5.93 
01699 
10.61 
11.78 
11.44 
8.17 
10.39 
9.31 
7.94 
8.42 
7.79 
9.30 
9.54 
9.18 
7.20 
6.99 
8.47 
8.20 
TABLE 4-VI. SPACE TRANSMISSION LOSS LIFTOFF 
CONDITION TANG, MEASUREMENTS AS-501 
FLIGHT S-IVB FWD, SKIRT 
. 
(NOTE: 01799 IS A RING ,MEASUREMENT 
USED BOTH FOR --11E I. U. AND 
S-IVB FORWARD SKlRT ) 
4-38 
FREQ, 
50 
63 
80 
100 
125 
160 
200 
253 
315 
400 
500 
630 
800 
1000 
12 50 
1600 
. 
02499 
13.50 
12.14 
10.43 
8.52 
6.45 
7.43 
7.27 
5.62 
4.87 
7.34 
5.75 
5.96 
-5.24 
5.25 
7.61 
5.91 
ACCELEOMETER 
01599 
13.49 
12.12 
10.43 
. 8.51 
01799 
10.62 
11.80 
11.43 
8.18 
8.59 1 
6*46 7.43 1 * ,,.. 99 
7.19 
5.62 
4.90 
7.33 
5.79 
5.96 
5.25 
5.26 
7.641 
5.90 
7;97 
8.45 
7.74 
9.34 
9.52 . 
9.16 
7.21 
6.93 
8.53 
8.23 
6.0 CRITERIA 
The use of nol-dimensional f~ .vms  in presenting data is justified when the new 
~ m i a b t e  shows a better ;it of t.is data and collapes the data into a single 
E et . A nondimensional farm will  remove the dependency on the particular dimensional 
mzgnitude of the va riakle and variable interactions. The following discussion 
deals Mefly  with ,he nondimensionalizing of the independent variable and the 
dependent variable, i . e . , transfer ftinction . 
5.1 NONDIMENSIONAL FREQUENCY (INDEPENDENT VARIABLE) 
The use of nondimensional frequency in acoustic and vibration data analysis wi l l  
remove the dependency on dimension (wavelength) and velocity of the wave. This 
amounts to a shift of the frequency scale. In the case of liftoff noise, the reduced 
frequency would be 
where d, and V, a re  the exit diameter and exit velocity of the jet. For boundary 
layer noise the appropriate frequency term would be 
where 6 * is the boundary layer displacement thickness and U, is the mean 
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convncti~nvelocity of the pressure fluctuations. It would be necessary to have 
several nondimensional fre~viea-.'es to cover the flight regime. Piersol, Reference 2, 
applied such a shift to the hbrations data under study which caused some of the data 
sets to be rejected for linearity vhere as the unshifted data were accepted for linearity. 
The above result and the quality of the data indicates that shifting frequency would 
not add to the statistical significance of the results. 
5.2 NONDEMENSIONAL DEPENDENT VARIABLES (RESPONSE) 
The response term is the log of the ratio of rms  acceleration to rms  acoustic 
pressure referenced to lg/. 0002 P BAR and is a function of frequency. One 
could find several nondimensional factors that would collapse the data from 
several structural elements but the statistical significance of the basic results does 
not warrant this level of effort until the correlation with simpler parameters 
is established. 
SECTION VI 
STATLYTICAL MODELS AND TESTS 
6.0 GENERAL 
The purpose of this section is to outline and briefly describe some of the major 
statistical concepts, models, and tests referred to in this report. The scope of 
this section precludes the presentation of many supplemental statistical methods 
used in this study. Tests for normality, linearity, randomness, statistical suff i- 
ciently , etc . are not considered. 
6.1 METHOD OF LEAST SQUARES 
The method of l'e9st squares is the most common approach in fitting a regression 
.curve to a set of data. This fits a line o r  curve to a set of sample points such that 
the sum of the squares of the deviations of the sample points from the fitted line o r  
curve is a minimum. If the variations of the dependent variable around the regression 
line are random, the method of least sqiares permits the computation of the errors 
of observation and hence the determination of the reliability of the estimates of the 
dependent variable made from &e fitted line. Furthermore, if the distribution of 
points around the regression line is not only random but normal in form, then the 
least-squares method gives the maximum llkelllmxi estimate of the relationship 
between the variables. A maximurn likelihood estimator is one that maxi.m!.zes 
the probability of being the precise value' of the miable i t  estimates. 
6.2 SIMPLE LINEAR REGRESSION 
To illustrate simple linear regression, let us treat the case where the regression 
curve of the dependent variable (Y) on the independent variable (X) is linear, that 
is, where, for any given X, the mean of the distribution of the dependent variable . 
given by A + BX, where A and B are constants. In general, an observed value of 
the dependent variab!e will differ from this mean by an amount E, thuti 
Note that E is a value assumed by a random variable and that i t  can be chosen so 
that the mean of i ts distribution is equal to zero. The value of E for any given obser- 
vation will  depend on a possible e r ror  of measurement and on the values of variables 
other than X which might have an influence on Y. The followiug assumptions con- 
cerning E are basic to the standard analysis of linear models and a re  as follows: 
a. The variance of the e r ro r  is approximately constant (independent of 
the independent variables). , 
b, The e r ro r s  for  the different observations are statistically independent. 
. 
c; The e r ro r  distribution is approximately normal. 
If these assumptions cannot be juetified in a particular problem there may be other 
unrecognized factors or variables that are contributing significantly to the response 
Y, pr there may be non-random bias made in observing Y. Note, that equation (6-1) 
can be extended to include any number of independent variables. 
To state the problem formally, suppose there are n paired observations (Xi, Yi) 
for  which it is reasonable to ,aesurne that the regression of Y on X can be represented 
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by a linear model. The f irs t  step is to determine the equation of the regression 
curve. The dependent variable Y is predicted by the following equation: 
wbre a ~ n d  b ore const9ts, then ei, the e r ro r  in p~edicting the valce of 
y corresponding to a given Xi, ts 
Note that equation (6-2) provides an estimate of the equation of the 
regrrltsaion whose actual , but unknown, equation is 
Note also that i n  equation (6-2) and (6-3) lower case letters replace the 
regressior, coefficients A, B and E. This is to indicate that a, b, and e 
are statistical estimators of the parameters they represent, see Figure 6-1. 
By the criterion of least squares, the sum .of the squares of the ei is rnini~~iized. 
In other words, choosing o and b so that the following sum of ei is a minimum. 
A necessary condition for a relative minimum is the vanishing of the partial 
derivatives of the er ror  withVrespect o the estimators a and b. This will  
result in the following equationk called the normal equations : 
2 [ Y ~  - (a, + bXi)] ( -1) = 0 
INDEPENDENT VARIABLE 
FIGURE 6 4 .  LEAST SQUARES CRITERION 
6.2 (Coptinued) 
Equations (6-6) and (6-7) can be rewritten as 
The normal equations are a set of two linear equations in the unknowns 
a and b;. their simultaneous solution gives the value of a and b for the regression 
curve, which, thus, provides the best fit to the given data accordix  to the criterion 
of least squares. These techniques can be extended to any number of variables. 
For  example. the breatrnent d N variables would restilt in N simc1t:ineous Linear 
.* 
equations. The solutions are often obtained with matrix algebra and digital corn- 
pute~s .  The practical applications and the numerical interpretation of these con- 
cepts are illustrated in  the following computational format : 
. 
S are arbitrary defined Let (xi, yi) be (n) sample values of X and Y; S, . Syy. 
xy 
then 
- 
b = S /S and a = Y - b ( y )  
x y =  
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The calculated values of the constants a and b defirle quantatively the linear re- 
gression equation. The v a l u e ~  of S*, Syy, and S can be used to compute the 
, xy 
@%tandard error of estimaten, ,cMfider-ce limits for coefficients and equations of 
regression, and the correlation coefficient. 
6.3 CURVILINEAR REGRESSION 
There has been no direct application of curvilinear regression models in this 
study. However, observations have been made in the case of the transfer functions - 
wbere the regression of one variable up11 another is nonlinear. The problem is 
somewhat more complex to handle mathematically but the principles of linear 
regression are unchanged. The would still be estimated by minimizing 
the sum of the squares of the vertical deviations about the appropriate curve. Note 
that the nonlinearity referred to here is not to be'construed to donote anything but 
the ahape of the regression curve and the form of the model equations. 
Two of the more common curvilinear regression equations are listed below: 
and 
where the Ai ( i = 1, . . . , p) are the appropriate regressLon coefficients. 
See Figure 6-2 for an illustration of a situation associated with the mathematical 
model specified by equation (6 -13). 
INDE P E N D ~ N T  VAHIABLE 
FIGURE 6-2. EXAMPLE 017 DATA POINTS FITTED WITH A 
SECOND DEGREE POLYNO'*':.4L INSERTED 
SIIOWING THE VERTICAL UEVIATIONS LL'IIOSE 
SUM OF SQUAI4ES HAVE BEEN hI1NIhIIZED UY 
THE PROFER CHOICE OF PARABOLA 
6.4 LINEAR COR3ELATIOi.I 
In general, correlation measures the relationship between variables. A linear 
relationship between two variables i s  assumed; i. e. , given the least square 
regression line of Y on X as Y = Ao + A X,  then the coefficient of correlation 
1 
(r)  will mathematicall. measurz the goodness of f i t  of the equation to the data. 
The coefficient of correlation is defined as : 
where Sv, S=, a d  S are as defined by equations (6-10, (6 -11), and (6-12). 
YY 
In all cases, the value for  r lies between -1 and +l. The signs + -are used for  
positive linear correlation and negative linear correlation, respectively. If r 
yields a value near zero, it means that there is almost no linear correlation between 
the variables (however, there may be a high non-linear correlation). Also, a 
high correlation coefficient (nea;. + 1) does not necessarily indicate a direct  depen- . 
- 
dence of the variables because spurious correlation may be present. 
Whenever 3 value of r is based on sample data, i t  is customary to perform a test 
of significance (a test  of the null hypothesis), in order  to determine whether o r  not 
there exists a spuriously high sample value even though there is no relationship 
between the two -1ariables. 
C.4  (Continued) 
Tests of sig;l?tficance on the correlation coefficient, docume~~ted in this repopt, 
have been based on the following statistic: 
where n is the number of data in the sample. The z (standard notation) is a 
tabulated statistic defined by the central limit theor.em to which the value of z com- 
puted by equation (6-16) is tested. 
Note that the linear correlation coefficient r is a dimensionless quantity. Also, 
since a linear relationship is assumed, r wi l l  be tkie same regardless of whether 
X or Y is considered the independent variable. Thus,. r is amexcellent measure 
of the linear correlation between the variables. 
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SECTION VII 
7.0 CONCLUSIONS AND RECOMMENDATIONS 
The furnished vibro-acoustic transfer functions were generated to provide some 
insight into the structural vibration praduced by acoustic fields occurring 
within the Wyle Reverberation Chamber and during launch conditions. The transfer 
functions generated during the reverberation chamber tes ts  providzd a large amount 
of consistent data and was limited only by the number of structural locations a t  
which the measurements were taken. There were no data available fo r  the SLA 
portion of the tes t  specimen that would have provided r'iore data for  honeycomb 
type structure. The balance of the transfer functions was generated during the 
AS-501 and AS-502 flights. The transfer functions were highly dependent on 
launch conditions and showed some vu.iations between the flights. 
The vibro-acoustic transfer functions have been analyzed to define the degree of 
correlation bet ween the measured data and significant str uc t u r d  and acoustic 
parameters. Data selection cr i ter ia  has been established that will aid in  utilizing 
the result of this study for future work. Although it has been shown that the vibro- 
acoustic transfer functions are relatively insensitive to variation in minor structural 
detail, nevertheless, they are, in some cases  valuable and plyable tools in the 
analysis of structural parameters. Basic- statistics, independent of variation in 
test  conditions, have been established for  the reverberation chamber data. This 
could r.ot be done for the flight data, but an  acoustic efl'ziency factor for the 
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Wyle reverberation chamber was defined that permitted some collation between 
the two bodies of data. Hardware diameter and transmission loss were identified 
as significant parameters. It was shown that many parameters such as transducer 
spacing, static loading, etc. , were, in fact, insignificant when viewed in terms 
of data scatter characteristics. Finally, nondimensional forms and statistical 
models were discussed within the context of the study to aid in the interpertation 
of tho results. 
Additional work should pursue a more complete definition of the significant 
structure and acoustic parameters identified in this study. The following recommen- 
dations are based on the study results : 
a. Select additional data from a structure of another diameter i n  order to 
complete a determination of the Bffect a variable hardware diameter. 
b. Complete the empirical definition of transmission loss by selecting 
additional transfer functions reflecting internal as well as exLerna1 
acoustic measurements. 
c. Generalize the acoustic efficiency factor for the Wyle Reverberation 
Chamber. 
d. Investigate the feasibility of lumping simple structural variables into one o r  
more generalized independent o r  dependent parameters. 
e. Select data that will allow a further development of data selection and nondimen- 
sion parameteric form criteria; 
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From the results of the additional work described above, one could expect to 
define the conditions by which maximum engineering utilization of the vibro- 
acoustic transfer functions could be made. Moreover, one could expect to be 
in the position to investigate the feasibility of utilizing the results to develop 
structural and acoustic prediction procedures. 
REFERENCES 
1. Barrett , Robert E , , 'Technique for Predicting Localized Vibration 
Environments of Rocket Vehicles ", George C . Marshall Space Flight 
Center, NASA TN D-1836, 1963. 
2. Piersol, A, G, and W, F, Van Der Laan, tRegression Studies of 6 
Space Vehicle Vibration Datatt MAC 709-07, 1968. 
3 . Crane, K, L, , ' "A Vibro-Acoustic Transfer Function Manual", 
VO~. I; RN 68-10-1, 1968, VO~.  111; ASD-ASTN-705, 1969. 
4. Lawer, W. H.  , 'Saturn V. Operational Mass Characteristics, SA-50lW, 
Boeing DN-D5-15512 -1A, 1966. 
5.. The Boeing Company Weights Unit, 'Baturn V Operational Mass 
Characteristics, SA-502 ", Boeing DN-D5-15512 -2A, 1967. 
6. The Boeing Company Strength and Vibrations and Stress Group," Saturn V 
0perationalStructura.l Capability, SA-504", Boeing DN D5-15579-4 A ,  
1968. 
